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Transportation of petroleum in the Arctic requires modification of standard meth- 
ods because of unusual environmental conditions such as permafrost. Any hot oil 
pipeline must be both insulated and supported above ground to avoid thawing of 
permafrost where it exists. Instead, we suggest preparing a crude oil emulsion 
brine and pumping it at temperatures below the melting point of ice. Under these 
conditions, there can be no permafrost thawing which would lead to severe en- 
vironmental damage in some areas. Acold emulsion pipeline would be constructed 
entirely underground and so would not need the expensive support system re- 
quired for a hot oil pipeline. It would require supplementary equipment for brine 
preparation, emulsification, refrigeration and emulsion breaking. Calculations 
indicate that a significant amount of natural gas could be redissolved in the emul- 
sified oil and hence transported to market as well. Additional work is in progress 
on the engineering and economic evaluation of such a pipeline. This type of pipe- 
line could be used in the Arctic areas of Alaska, Canada and the USSR and hence 
it could help to add to the accessible oil supply of the world significantly. 
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Transportation of Petroleum in the Arrctic 


as a Cold Emulsion in Brine 


S. S. MARSDEN, JR. 


PROBLEMS DELAY PIPELINE CONSTRUCTION 


The largest oil field in North America was 
discovered five years ago, and not a single drop 
of this oil has yet been sent to market. If it 
had been found in some area other than the Arctic, 
a pipeline-tanker transportation system would 
be linking the fields and the refineries well 
before now. But the severe problems involved 
in Arctic transportation plus postponements due 
to governmental and judicial action have cone 
tinuously delayed starting of pipeline construc- 
tion. Even with removal of all legal obstacles, 
construction could not start for almost a year 
and oil deliveries for another two to three years. 

In addition to problems of access for con- 
struction, pipeline transportation in the Arctic 
is beset by two major difficulties. At low tem- 
peratures oil viscosity is high, and pumping 
becomes both more difficult and more expensive. 
Oils with moderate pourpoints will gel or set up 
solid at Arctic temperatures. Maintaining the 
oil at elevated temperatures would normally take 
care of these matters if it were not for the 
second of the two major problems, namely, perma- 
frost. This is a permanently frozen mixture of 
ice plus broken rock, gravel, sand, silt or clay. 
It underlies a layer of material of similar com- 
position which does thaw during the summer, and 
this second layer, in turn, underlies a layer of 
dead vegetation known as tundra. Normally, per- 
mafrost is mechanically stable but if the ice 
in the permafrost melts, then some kinds of per- 
mafrost become quite unstable. If the melted 
ice simply drains away, there may be ground sink- 
ing or subsidence. Surface drainage, particular- 
ly after damage to the tundra, can lead to 
severe erosion. If the mineral component of the 
permafrost is finely divided clay or silt, then 
melting can lead to mud flows. It should be em- 
phasized that not all permafrost is unstable when 
melted, but enough is unstable that special pre- 
cautions must be taken in pipeline design and 
construction to avoid this thawing. Thermal in- 
sulation for a buried pipeline carrying hot oil 
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would be insufficient and would allow some heat 
transfer, so the line would have to be construc- 
ted on a support system which isolates it ther- 
mally from the permafrost. Such a support sys- 
tem is considerably more expensive than a buried 
pipeline would be. This enigma led us to seek 
another solution to the problem of crude oil 
transportation in the Arctic. 

For several years before the discovery of 
oil at Prudhoe Bay, we had been doing research 
on the flow properties of emulsions. We noted 
(1)1 as had others (2), that concentrated emul- 
sions usually had no single value of viscosity 
but that the calculated or apparent viscosity 
decreased with increasing shear rate. In other 
words, they were non-Newtonian fluids or, more 
specifically, pseudoplastic fluids. We also noted 
that for oil-in-water (O/W) emulsions the apparent 
viscosity depended on the oil concentration and 
the chemical emulsifying agent which was used. 
Others have reported (3, 4) that O/W emulsion ap- 
parent viscosity is almost independent of the 
viscosity of the dispersed oil droplets and much 
closer to that of the continuous aqueous phase. 
This latter property has led to the suggestion 
that heavy, viscous oil be transported in pipe- 
lines as a dispersion or emulsion in water in 
order to cut down on frictional losses (5-8). 


EFFECTS OF TEMPERATURE 


While the viscosity of oil changes drasti- 
cally with temperature, that of water changes 
considerably less. Because of the low tempera-= 
tures in Alaska, we at first considered. emul- 
sifying the oil and transporting it in an ordin- 
ary pipeline. This would help the viscosity 
problem but we would always be restricted to 
temperatures aboye the freezing point of the 


water. Even though the temperature difference 





1 Numbers in parentheses designate References 
at end of paper. 


between the cool emulsion=-in-water and the per- 
mafrost would be considerably less than that 
between the hot oil and the permafrost, there 
would still be heat transfer and eventual melt- 
ing of permafrost. Therefore, a -cool emulsion 
pipeline could not be safely buried. 

We all know that by dissolving salt in 
water, we can lower the freezing point of the 
solution. We also know that the amount of salt 
dissolved will determine the freezing point. For 
example, a 10 percent NaCl brine will freeze at 
20 F and 20 percent) one atl g.5 he, It, eins tead of 
emulsifying the oil in water, we emulsified it 
in brine, the emulsion could flow at temperatures 
below the thawing temperature of permafrost. 

Such a cold emulsion-in-brine could be pumped in 
a buried pipeline through areas containing per- 
mafrost because it would be physically impossible 
for heat to flow from the cold emulsion to the 
relatively warmer permafrost. In brief, this is 
our concept of a cold emulsion pipeline. 

We have already demonstrated in the labora- 
tory that Prudhoe Bay crude oil can be easily 
emulsified in NaCl brines and that the emulsions 
will flow readily at temperatures as low as 10 
F. (1, 10). The emulsions are stable and they 
are pseudoplastic. Their apparent viscosity in- 
creases with oil concentration and with decreas-= 
ing temperature. 


RESULTS OF RECENT WORK 


Although a number of aspects of a cold 
emulsion pipeline system have been discussed else- 
where (9-12), the main features will be described 
here along with the results of some of our more 
recent work. We shall also indicate areas where 
additional research is necessary. 

It is apparent that the emulsion must be 
prepared. near the inlet pumping station and broken 
at the pipeline terminal. In the laboratory we 
have simply used batch stirring equipment but in 
large-scale application more sophisticated, con-= 
tinuous equipment must be used. The road asphalt 
emulsion industry has experience with large-scale, 
continuous preparation of O/W emulsions and this 
may be helpful in designing the emulsifying equip- 
ment. Large-scale, continuous emulsification of 
erude oil and heavy fuel oil by use of ultrasonic 
generators has also been described (13). There 
is considerable art involved in emulsion prepara- 
tion, and research needs to be done not only on 
the mechanical method of dispersion of oil, but 
also on the kind of chemical emulsifier which will 
give the desired oil concentration and the op- 
timum flow properties (3, 4). 

Brine for the emulsions could come from 


either of two sources. Those from subsurface 
formations which are found either alone or with 
petroleum would probably be a first choice if 
they were concentrated enough. Ocean water, 
which is typically 3.5 percent in dissolved sol- 
ids, is not felt to be concentrated enough be=- 
cause its freezing point is only 28 F. Partial 
freezing of either it or subsurface brines 

to remove excess water as ice could get the re- 
maining salt solution concentration up to what 
may be necessary, that is, something like 10 per-= 
cent NaCl. This process has been studied by 
others as a way of producing fresh water from 
sea water, but here we would be interested in 
the brine (14). 

Natural gas is quite commonly found with 
and produced along with crude oil, and normally 
it is separated and transported to market in a 
different pipeline. Ina hot oil line a con- 
siderable amount of the lower molecular weight 
and more volatile components of the crude oil 
(or, conversely, the higher molecular weight, 
more easily condensible components of the nat- 
ural gas) would be removed from the crude oil 
because their effective vapor pressure at the 
elevated temperatures is too high. At the lower 
tempe:atures of a cold emulsion pipeline it is 
quite a different story. Depending on amounts 
and conditions, propane and higher can usually 
all be retained in and/or redissolved in the 
emulsified oil and transported in the pipeline. 
The amount of these condensible hydrocarbons that 
can be carried depends on the composition of the 
oil and gas, their physical properties, the tem-= 
perature and the pressure. These amounts can be 
calculated by straightforward methods (15). 

We estimate that 0.1 lb of chemical emul- 
sifier will be needed for each barrel of oil 
emulsified (11). Ones used so far cost about 
20¢/lb or 2¢/bb1l of oil. For a large pipeline 
with an isolated inlet location this becomes a ™ 
serious problem. These chemicals are or can be 
petrochemicals which are not too difficult to 
manufacture from ethane and either propane or 
butane. Serious consideration should be given 
to manufacturing them from these source materials © 
found in the produced natural gas rather than 
contending with difficult transportation and 
high costs to the Arctic. Calculations have 
shown that less than 0.1 percent of these sub-= 
stances in the crude oil or natural gas would 
be more than enough to manufacture the required 
amount of emulsifier. 

Although we have encountered no difficul- 
ties, a word might be said about the stability of 
these emulsions. Others have noted that at high 
shear rates some crude oil-in-water emulsions 








































will invert and become viscous water=in-crude oil 
emulsions (2). The conditions of inversion vary 
with the shear rate and the temperature for each 
oil tested. At the low temperatures proposed 
here (20-30 F) there seems to be little or no 
possibility of inversion but this must be checked. 
At these temperatures many crude oils will be 
below their pourpoints and so we will be dealing 
with a system somewhat resembling a slurry rather 
than a classical emulsion. This should make in- 
version essentially impossible. We are told that 
the salt in the brine should also contribute to 
the stability as it does with asphalt road emul- 
sions (16). 

The friction of flow will cause the emul- 
sion temperature to increase along the line and 
so arrangements for cooling must be made, prob-= 
ably at each pumping station along the part of 
the route where permafrost exists. During part 
of the year this can be accomplished simply by 
heat transfer to the cold surrounding air but 
during the rest, refrigeration will be needed. 

In making pipeline calculations of pressure 
drops and horsepower requirements, one vital point 
must be kept in mind: the equations developed for 
Newtonian fluids should not be used for non-New- 
tonian emulsions. Our experimental results have 
been determined under conditions of laminar flow 
and so we have used the approach of Dodge and 
Metzner (17). Calculated pressure drops per 
mile for 70 percent Prudhoe Bay crude oil-in-10 
percent NaCl brine at 25 F are very close to 
calculated ones for Prudhoe Bay crude oil alone 
at 140 F. Horsepower requirements for the emul- 
sion are significantly greater than for the oil 
alone. Both calculations assume the transporta- 
tion of 2,000,000 bbl oil/day in a 48-in. pipe- 
Hine. There is a strong possibility that ad- 
justment of the emulsion properties can lead to 
a significant improvement over what we have 
achieved so far and this is definitely an area 
for more research. When more turbulent flow 
data are available we can also use Bowen's meth- 
od of calculation (18) which may have advantages 
over Dodge and Metzner's. 

Corrosion of the pipe by the brine was at 
first considered to be a major problem, but we 
now believe it will be only minor for several 
reasons. Pipelines already carry very concen- 
trated brines with no corrosion simply because 
the solubility of air in such brines is nil (19). 
We have not been able to find data on oxygen 
solubility in brines such as 10 percent NaCl at 
temperatures from 20 to 30 F but our extrapola- 
Gions indicate that it is low. Since corrosion 
is a chemical reaction and since rates of chem- 
ical reactions decrease with decreasing tem- 


peratures, this should cut down the effect. A 
brine preparation system should, of course, use 
countercurrent stripping of air from the brine 
with natural gas (20) or vacuum degassing of the 
brine (21). Many or most crude oils contain 
substances that react readily with oxygen and 
so the emulsified oil itself will probably re- 
move the last traces of oxygen (22). 

At the pipeline terminal the emulsion must 
be broken into its components. Emulsions of the 


type we have used have been broken in the field 
simply by heating in standard oil field equipment 


known as "heater-treaters" (3). We have used 
nonionic emulsifying agents which have the inter- 
esting properties of a negative temperature co- 
efficient of solubility in water and a positive 
one in oil. Thus the agent will tend to concen- 
trate in the oil phase rather than the aqueous 
phase during breaking, while the opposite would 
be true for most cationic and anionic emulsifiers. 
Nonionic emulsifiers are also non-toxic and bio- 
degradable. These factors should simplify dis- 
posal of brine in a manner which would not damage 
the environment. If the terminal was at a port 
such as Valdez, then it could be pumped well off- 
shore after the oil concentration is reduced to 

a few-parts per million and the emulsifier con- 
centration reduced to an acceptable limit. If 
the terminal is far removed from the ocean, sub-= 
surface disposal would probably be necessary, 
although there may exist a market for such brines. 
Our results have shown that when these emulsify=- 
ing agents are added to crude oil they will not 
lead to foaming in a laboratory distillation 
column. Others have shown that they will not 
adversely affect the properties of asphalt emul- 
sions for roads (2). 


CONCLUSIONS 


Several things should be clear from the 
above discussion. Additional laboratory research 
is needed on the flow properties of concentrated, 
cold emulsions prepared in various ways aimed at 
getting improved flow properties. There are 
many reasons to believe that these properties can 
be adjusted to the point where there are sound 
engineering advantages for pumping cold emulsions 
rather than hot oils. More laboratory work and 
calculations are needed on other aspects of the 
system as mentioned or implied above. Pilot plant 
and test loop results are needed for these emul- 
sions; very little data exists in the literature, 
although some results for slurries should be ap- 
plicable here. Economic data which can only be 
supplied by equipment and construction companies 
are badly needed. And, finally, a computer pro- 


gram should be prepared for the entire system so 
that optimum values can be determined for the 
many variables (23). 

The Arctic is one of our most promising 
areas for oil exploration. Besides Prudhoe Bay 
we have the.strong prospect of other major re- 
serves in Naval Petroleum Reserve No. 4 in north- 
western Alaska. Within the past two years oil 
has been found in the Mackenzie River Delta area 
of Canada and natural gas was found even earlier 
on several of the Arctic islands of Canada. 
Little reliable information is readily available 
on the oil reserves in the permafrost regions of 
the USSR but some indicators point to extensive 
ones. The Japanese government would like to join 
in the development of Siberian oil and some Japa- 
nese companies have expressed an interest in a 
cold emulsion pipeline system. Organizations in 
these four countries should be taking a serious, 
constructive look at the cold emulsion pipeline 
system as well as other methods of getting oil 
out of the Arctic. This should be done before we 
are presented with some other unanticipated delay 
such as that we have had in Alaska. 
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